This paper presents a signal processing architecture for a sensory-motor system based on the smart sensor paradigm. The architecture is designed for an obstacle avoidance task by a mobile robot in an unstructured environment. Drawing inspiration from the field of behavior-based robotics, the development of the architecture is guided by an emphasis on the requirements of an obstacle avoidance behavior for a mobile robot. The architecture is simple enough for a smart sensor, but incorporates features which enable it to deal with realistic, unstructured environments. It differs from existing systems by using a special foveation scheme to facilitate the detection of real-world objects. From this, a motor control signal is produced by using a biologically inspired technique of aligning sensory and motor maps. The effectiveness of the architecture is explored through computer simulation, including an obstacle avoidance simulation in a 3D virtual environment.
Introduction
Autonomous robots which are meant to operate in remote or hazardous places will often need to perform visually guided behaviors in unstructured environments. Obstacle avoidance is an example of such a behavior. Traditional approaches to endowing robots with visually guided behaviors make use of conventional vi-In contrast to traditional systems using generalpurpose computers or DSPs, smart sensors integrate optical sensing and signal processing at the pixel level. They have been shown to be successful in applications such as visual tracking [3, 4] . For an obstacle avoidance task for autonomous robots, a VLSI system should be able to detect obstacles which have irregular shapes and complex textures in order to deal with unstructured environments. It should also be easy to interface to actuators without the need for extra microcontrollers to decipher its output. To achieve such a VLSI sensory-motor system, new architectures and strategies are needed.
Two common approaches to achieving sensorymotor functionality are to use correlation-based motion detectors [5, 6] and gradient-based position trackers [7] [8] [9] . An example of the latter is a complete VLSI sensory-motor system reported by Maris and Mahowald [7] . Its architecture consists of a contrast sensitive retina followed by a winner-take-all operation to detect the location of the pixels with highest contrast. The system exemplifies the efficiency of pixel-level processing but is limited to detecting clear and consistent edges in a scene rather than complex, natural objects. Also, the chip area required for the operations is quite large.
Another example of a smart sensor that supports visually guided behavior was reported by EtienneCummings [6] . It makes use of a two level foveation scheme which allows both tracking and acquisition to be implemented on the same focal-plane. Similar to the first example, pixel-level edge detection is used, limiting the system to track or avoid only simple objects with well defined contours.
The sensory-motor architecture proposed in this paper uses a special foveation scheme to facilitate the detection of real-world objects for an efficient obstacle avoidance behavior in an unstructured environment. The basic concept and the structure of this architecture, as well as the simulation results will be presented in the following sections.
Sensory-motor architecture

Obstacle avoidance behavior
Inspired by the behavior-based approach to robotic control [10] [11] [12] , the development of the architecture begins with a consideration of the required behavior. For an obstacle avoidance behavior, a robot should steer its body away from any stimulus which might signal that a significant object is in its pathway. As it moves, it should be orienting itself towards an open part of the pathway in front of it. The basic requirements are:
(1) real-world obstacles must be detected and located relative to the robot's body, (2) the robot should steer to the left or right around the obstacle in a reactive manner.
If, as the first requirement suggests, only relative locations are needed, then actual positions in a coordinate frame need not be computed. The first requirement also suggests that obstacles do not need to be recognized or even resolved with much precision; they only need to be detected. In addition, resolving power does not even have to be the same for all parts of the scene. More distant parts of the scene do not need high resolution because in the distance only the detection of large objects is needed to make steering decisions. Space-variant or foveated sensing schemes have been shown to have these qualities, in both biological [13] and engineered systems [14] . Also, foveation has been shown to be useful in creating a frame of reference around a point in a scene, the point of fixation [15] . This 'fixation frame' can facilitate the localization of objects relative to the point of fixation. Thus, the first architectural decision for the sensory-motor system in this paper is that a foveated sensing scheme should be used. The particular scheme proposed in this paper is described below in Section 2.2.
The second requirement of the obstacle avoidance behavior suggests that for a typical wheeled robot, only a left/right orientation decision is needed to avoid an obstacle. This greatly simplifies the task of converting the visual signal to a motor signal. The fact that only a left/right decision needs to be taken can be exploited by aligning the map of the visual field (as represented on the sensor), with the center of the robot's body. If more obstacles are on the left of the visual field, then they are to the left of the robot's body and the robot should turn to the right. This is a simple alignment of a sensory map and a motor map, and is the second organizing principle for the architecture. An enhanced version of this alignment is described below in Section 2.3.
Post-receptor foveation
There have been several sensor architectures reported in the literature which make use of foveation schemes [14, 16] . All of these schemes vary the sizes and the placement of individual receptors in the array, e.g. log polar arrangements. However, for a VLSI smart sensor system, an architecture based on a homogeneous array of uniform pixels is easier to design and extend. The pixel can be designed like a standard cell with a constant pitch and can be arranged to abut with common power rails and interconnections. This would reduce the number of unique cells that must be designed and could make it easier to scale or modify the system. Thus, a foveation scheme based on a homogeneous array of uniform receptors is proposed. In this scheme, called post-receptor foveation [17] , the variation in resolution is achieved by spatially averaging the signals from the photoreceptors. The basic structure is shown in Fig. 1 . Each photoreceptor produces a signal, a current or a voltage, which is proportional to the intensity of the light which projects onto its area from the scene. The average of the signals from a 'field' of four adjacent photoreceptors is called a level-1 average. Following this, the average of four adjacent level-1 averages is called a level-2 average and so on, in a hierarchical manner. In this way, each level defines a set of fields which cover the array of photoreceptors.
The field size at level-1 is the smallest. At each successively higher level, the field size increases by a factor of 4. A larger field contains or overlaps the smaller fields which contribute to its average value. The hierarchical simplicity of the scheme resembles the pyramid data structures often used in image processing [18] .
In the post-receptor foveation scheme, the available resolutions are determined by the interconnection structure of the array. The resolution that can be obtained by accessing the level-1 fields is four times the resolution that can be obtained by accessing the level-2 fields. A fovea can be defined over an area where the smallest fields (e.g. level-1) are used for processing. In this way, the fovea can be placed anywhere on the array and can assume different shapes. This is similar to the situation in some birds that are known to have an elongated fovea (to align with the horizon), or even multiple foveas as in the case of the owl [19] . These particular configurations of the fovea help to extract important information from the environment. Using a homogeneous array as a substrate, a diagram of a configuration that may be advantageous for obstacle avoidance with a small wheeled robot is shown in Fig. 2 (not showing the average operators and interconnections). The fovea is at the bottom of a 32 × 16 array. This can be used to create a frame of reference centered at the foot of the robot. Small obstacles which are close will be imaged with finer resolution than distant objects which will only appear if they are large and prominent.
The post-receptor foveation offers some potential advantages when it is applied in realistic, unstructured environments. The hierarchical averaging produces a type of low-pass filtering of the image which is increasingly coarse away from the fovea. This can make complex objects like bushes or rocks appear more like a block of uniform intensity, facilitating their detection based on intensity differences. Also, emphasizing parts of the visual signal with lower spatial frequencies helps to filter out distracting details which could complicate the process. This can be a problem for classical edge detection schemes which result in a large amount of data which is often distributed evenly across the array.
Sensory-motor map alignment
Avoiding obstacles is something that humans and animals do effortlessly. Regions of the brain involved in sensory-motor transformations are thought to use overlapping and aligned 'maps' of the visual field and of the body's motor control system [20] . This strategy is the inspiration for a very simple scheme applicable to typical wheeled robots. An example configuration for an autonomous robot with a VLSI sensory-otor system is shown in Fig. 3 . The sensory-motor system is mounted on the front of the robot with the center of the sensor aligned with the midline of the body. Making use of the strategy in [21] , the sensor is angled toward the pathway so that the point of fixation is immediately in front of the robot where the path is assumed to be 'open'. If all potential obstacles are on the ground plane (or near to it), then the more distant they are from the robot, the higher up they will appear on the image plane. Obstacles can then be located relative to the open path in front of the robot by using this measure of depth along with a determination of whether they lie more to the left or right of the point of fixation. Since the center of the sensor is aligned with the midline of the robot's body, the point of fixation and the visual field are also aligned with the body. This means that if an obstacle lies more on the left-hand side of the sensor, then the robot should steer to the right. By using spatial derivatives and other visual cues to determine where the open pathway is limited by obstacles, a continuous signal from each side of the sensor can be produced, the magnitude of which indicates the degree to which the side is obstructed. Thus, a left/right control signal can be obtained through this simplified transformation. The simple association of the left and right halves of a sensor with the left and right halves of the robot's body and the visual field can be further enhanced. Central regions of the sensor can be associated with the 'nose' of the robot and peripheral regions can be associated with the sides. This refinement can be used to add a weighting scheme to the obstacle detection cue such that objects which are more immediate and closer to the nose will elicit a stronger signal for the robot to turn away from them. Central, diagonal and side (or peripheral) regions may be distinguished to refine the response of the system. A spatial derivative across the smaller fields can have a larger weight, or gain factor, than for the next level field because it would indicate a more immediate obstacle. In the next section, a description of a complete architecture shows more clearly how these weights are used.
Architecture of the sensory-motor system
The post-receptor foveation scheme described in Section 2.2 and the enhanced sensory-motor map alignment scheme described in Section 2.3 can be applied together to develop a sensory-motor system for obstacle avoidance. The architecture is shown in Fig. 5 . For clarity, only the right-hand side of the system is shown. Comparators are used to find the spatial derivatives for the three regions: center, diagonal and side. The center derivative can signal an object in the robot's face, while diagonal and side derivatives are progressively less frontal. The derivatives should be weighted differently to reflect this. For example, the second level weight factor for the center is shown as K 2C and for the diagonal and side as K 2D and K 2S . In most cases they should follow the general relationship: K 2C > K 2D > K 2S . These factors can be related to the shape of the robot's body (narrow/wide) in order to determine more precise ratios. Derivatives for lower levels will signify more immediate obstacles, so that if K iX is used to refer to all gain factors at level i, then it should be that K iX > K (i + 1)X , for i ≥ 1. The angle at which the sensor is mounted on the robot (the vertical gaze angle) can be used to determine more precise inter-level ratios for these constants. Finally, by summing the scaled derivatives a continuous signal is produced to indicate the extent of the free pathway. The difference between left and right signals can then be used to steer the robot.
Simulation
The architecture was simulated to evaluate its effectiveness in realistic environments. Two simulations were carried out. The first used a still image and the second used a dynamic virtual environment. Both were based on the mathematical model described in the following sub-section.
Mathematical model
Guided by the post-receptor foveation scheme of Section 2.2, the mathematical model used to describe the architecture is very simple. Fig. 6 shows the right half of a homogeneous array of photoreceptors divided into fields according to the post-receptor foveation scheme. The fields are organized into levels where each level consists of four fields. Each field belongs to one of the regions: center, diagonal, side, and 'path'. The value of each field is the average of the values of its constituent pixels.
Using the notation shown in the figure, this can be expressed as the summation of the intensity values for all of the field's pixels, divided by the number of pixels in the field. If I(x, y, t) denotes the intensity value of the pixel at position x, y and at time t, then the expressions for the center, diagonal, and side fields at the nth level are (3) where w n and h n are the width and height in pixels of the fields at level n. For the 'path' field, at level-1 the expression is
and for subsequent levels, the values for the four fields from the previous level can be used to simplify the computation. Using these expressions, the right control signal, c R (t), would be
where L is the highest level.
For the purposes of a complete obstacle avoidance simulation, the control signals were used to determine the change in a robot's orientation and forward motion. The change in orientation angle, denoted a(t), is proportional to the difference between the left and right control signals, with a scaling factor K a , to convert to an angular measure like radians:
The forward motion of the robot in the dynamic simulation was fixed at 30 mm/s as in [12] .
Simulation with a still image
First, a simulation was performed to determine if it was possible to derive reasonable control signals, c R (t) and c L (t), from a still image of a real scene. The test image was that of a black cube on a textured surface as shown in Fig. 7 (a) . The image was subsampled down to 16 × 8 to match the architecture in Fig. 5 , and to show that the architecture can be effective at such a low resolution. The post-receptor foveation algorithm was applied to the image. The image after the foveation step is shown in Fig. 7 (b) . For each level of foveation, the differences between the path field and the surrounding center, diagonal and side fields are determined, as in Eq. (5), but with unity weights. These differences, or spatial derivatives, are then plotted using Matlab to form a type of gradient map as shown in Fig. 7 (c) . The large peak on the left of the midline signifies the presence of the black cube unambiguously. The results show that a clear decision to turn to the right can be derived from the gradient map. They also show that the patterns in the scene were not a distraction to forming a meaningful gradient map. Nor were they necessary for the detection of the obstacle.
Simulation with a virtual environment
For the second simulation, a virtual environment was created to simulate an unstructured environment in order to test the obstacle avoidance performance of the architecture in a more realistic way. The program was developed using the OpenGL graphics library. Its user interface is shown in Fig. 8 . The view of the virtual environment was designed to represent how it would appear from the view of a sensory-motor system mounted on the front of a robot, as shown in the top left panel of the interface. The environment was made to look realistic by applying textures to the floor and other objects. The top right panel shows a top view of the room in which each dark shape is one of the obstacles shown in the perspective view. The bottom left panel shows the foveated view. Two types of obstacles were used. One was a plant-like structure designed to emulate obstacles which are difficult to deal with using traditional techniques. For example, infrared sensors would have difficulty detecting such an obstacle because of the complex reflectance patterns. Also, classical edge detection may not be efficient because of the shape of the obstacle and the pattern on the floor. It would lead to a large amount of data which would have to be sorted through.
The other type of obstacle was a small dark circular 'hole' in the floor, an example of which can be seen in Fig. 9 (a) . It was designed to represent the smallest obstacle that must be avoided. In the scale of the simulator the hole measured 10 cm in diameter and the plant-like obstacles were approximately 50-100 cm in diameter and 50-100 cm in height. Assumptions implicit in the simulation include the absence of shadows, and the use of a flat surface such as an office floor.
A simulation can be run in such a way that the view of the robot is updated frame by frame. Fig. 9 shows a sequence of frames produced by the simulator. Two obstacles, a hole that is very close and a plant which is further away and to the left, are used to show the obstacle avoidance behavior. The current view from the robot, illustrated in the top half of each image, shows how the robot should first move to the left to avoid the more immediate 'hole' obstacle. The foveated view shows that in the absence of a weighting scheme, a correct steering decision would be in doubt. With weights of
(where the numeric subscript indicates the level and the 'C' is for center, 'D' for diagonal, 'S' for side) the closer object automatically has a greater effect and the simulated robot moves to the left as seen in the next two frames in (b) and (c).
A set of four simulation runs are shown in Fig. 10 . The results for each simulation run were taken from the top-view of the room which showed the path of the robot as it moved around the obstacles. The first three runs (a)-(c), were performed with a floor made to resemble a typical hardwood pattern. The fourth run, shown in (d), was performed on a floor of uniform color without texture. The black line represents the center of the robot's path and the grey portion represents the width of the robot's body, which was set to 50 cm. In each case, the robot avoided the obstacles. The results from the simulation runs demonstrated that the architecture leads to an effective obstacle avoidance behavior of the robot in an unstructured environment. They showed that it was effective with or without textures in the scene, which is an advantage over the approaches based on stereo or optical flow that depend on the presence of details. They also showed that the post-receptor foveation and the weighting scheme make it possible to appropriately avoid the conflict of controls in the case of multiple obstacles by prioritizing them based on their place in the visual field and their position with respect to the body of the robot.
Conclusion
An architecture for a VLSI sensory-motor system has been proposed. Drawing on inspiration from biology and behavior-based robotics, it leads to an efficient obstacle avoidance behavior for a robot in an unstructured environment. The architecture includes a postreceptor foveation scheme which permits the efficient localization of obstacles through spatial derivatives. The foveation structure is hierarchical and is based on a homogeneous sensor array, facilitating its design and increasing its flexibility. It simplifies obstacle detection by producing a type of low-pass filtering specifically for obstacle avoidance, which makes complex objects (like bushes or rocks) appear like a block of uniform intensity. In addition, a weighting scheme is used to prioritize obstacles based on their place in the visual field. A left/right steering signal is produced by correlating a map of the visual field with a map which represents the robot's body. The effectiveness of the architecture has been demonstrated through dynamic simulations with a virtual environment. From an implementation point of view, the architecture includes only computationally simple operations which generally have simple implementations with a small number of transistors. These factors could lead to implementations with pixels that devote most of their area to the photoreceptor rather than to signal processing circuitry. This can improve the overall quality of the image signal. Future work will involve an ASIC implementation of the architecture. It also may involve exploring the inherent flexibility of the architecture with regard to the size and placement of the fovea and the values of the weights for different applications.
